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MODULAR CHEMiCAL PRODUCTION SYSTEM INCORPORATING A MICROREACTOR Field of the Invention This 
v'en jng'^'C'-cl). eiai^t to a wdjlat chemical product! m jjy^tT" ano msrc i;oocif cd y *o a r 'iniai^r zef r- jci ' 
Chemical production system that incorporates a microreactor, and which enables modules to be addea or removea from 
the svsiem to accommodate the type arid quantity of chefnicai producea tneretay. 



r rne invention Methods of controlling and ODtimizing the production of cnemica! substances are wen known. 
! ne contro; of Dararneiets; such as temperature, pressure, mixing conditions, relative volumes of the reactants, and rhe 
use of cjitaiysts are generally well understooa. Receritly. much attentiori rsas been directed to trie use of micro-scaie 
reactors for Dotn development ana production of cnemical products, Tnese types of microreactors offer several clear 
advantages over more coriventiofial macro -scaie chemical production systems. 



First, the control of cnemical processes within verj smaii reacrors is much simpier ihan the controi of the sari^e process in 

lear-toi Thus the «eve it of anv DOtential ac d^nt ^ r i-^p or r niii r t,d onu i reaU r n di ocpsc 

has been developed ana opiimized in a microreactor. proauction in larqer quantities can be enabled by reolioatinq tne 
microreactors m sufricient quantity so as to achieve the reauireo production levels. If such reactors can oe faDncatsd in 
quaniitv. and for a modest cost, industrial Quantities of a desired aroauct can be manufactured with a capital exeenditure 
equal to or even less tnan that of a traditional chemical production facilitv. 



o offers a substantial ivno;o 
'argo tcaie p'oducl c n n the ptsst a v 
c^^e'"^ cas o-'-e^ equ red consiaerable n^" i 



srnaJI-scaie production tc 
n ' - . ^c^of 

it to iaiqe-scale 



o ' cause f'-Jotiajn 



Tne phariTiaceutical industry in paiticuiar engages in cnernica! researcr; on manv new chemical comDounds every year, 
' --p'j ( I' i o .^g or y --miCtSl compourid w th ck >ir<jic.( au< or ^ - vilu? Die orofonc.^ ';s,s.; --c ^ p'>c;io 
complicated, time-consuming, and costiy. Discovering a new drug has oeen likened ro searching for tne proverbial needle 
in a naystacK, Literally tens of thousands, ana sometimes huridreas of tfiousands. of cnemical compounds must be made 
and tested to find one that can achieve a beneficial result without prohibitive siae effects. 



-J I 



i \ I 



A companv such as l-iofimann-La Rocne. whose annual sales in the United States alone are aoout $3 biiiion. spends 
aDOLii $1 Luliior; c: year on research worlawide. 

It has been recognized that microreactors are of tremendous potential use to the pharmaceutical industry. Aside from 
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providing safety benefits, and providing ths ability to ease Ihe transition from fesea.-ch to fuii-scaie conin-isfcial production, 
mlcroreactors utilize small volumes of chemicals efficiently. Often the chemicals used in drug researcfi are costly and 
unavailable in significant quantity. Thus, ths ability to perform research usirsg small volumes of chemicals efficiently is 
important. 

It has further been recognized that end users of microreactors, wi-iether in a research setting or a production setting, 
desire not iusi a rnicroreactor, but an iritegrated system that er-abies an end user to easily and effectively exploit tl-!e full 
potential of microreactors. Just as many computer users purchase a complete computer system, rather than just the 
rriicroprocessor, which is at the heart of a coniputer systerr-, rrsany research arid production facilities will desire to 
purchase a microrsactor system that enables the end user to efficiently produce a variety of desired chemicals in almost 
any desired quantity, by making changes in the system, to scale the production as appropriate. 

At least one design for such an integrated rnicroreactor based system has been investigated. A patent issued to Bard (U. 
S. Patent No. .5, .580, .523) describes a modular rnicroreactor that inciudes a series of reactor modules connected in fluid 
communication, each reactor module having a particular function. Bard specifically teaches that the plurality of 
r:":icroreactor ■ricxiules are friounted laterally on a support structure, and that individual rnicroreactor nx'dules can be 
replaced as needed. These reactor modules disclosed In the Bard patent minimally Include a reactor module, a separator 
module, and an analyzer module, and additional rnicroreactor modules can be added in series or parallel. Bard specifically 
teaches that separate mixing modules and reaction volume modules are used. This patent also teaches that a variety of 
generic components, such as computerized controis, pumps, valves, flow channels and manifolds can be included in such 
an apparatus. 

It would be desirable to provide a modular chemical production system that utilizes microreactors but offers additional 
flexibility to the user, beyond that of ttie Bard system. For example, It v^iuld be desirable for all of the consponerits of ti-ie 
system, and not just the microreactor units, to be modular in design so that any component, such as a pumping unit, can 
be replaced as needed to produce either a different type of chemical product, or a different quantity of the desired 
chemical product, or to easily replace a defective component. 

R;rthermore, to reduce the number of modules required, it would be desirable to provide a reaction module in which the 
mixing of the chemicals reacting to form the desired chemical product is achieved within the same reaction module in 
which the chemical reaction betv,?een these chemicals occurs, so that a separate mixing module is not required, it would 
also be desirable for such a single reaction module to incorporate a microreactor that enables rapid diffusion mixing. 
Diffusion mixing can be achieved by fcrcing fluids to flow in a iarnlnar flow pattern within small fluid channels and is 
characterized by being extremely rapid arid efficient, riiore so ihari rnixing achieved by creating turbulence or agitation. It 
would further be desirable to provide a reaction module in which the microreactor is replaceable, so that a different type of 
chemical product can be produced without requiring the replacement of the entire reaction module. 

Another desirable feature of the microreactor modular system is a control module that includes an intuitive user interface, 
enabling a user to select from a stored menu of desired chemical products, so that after selecting a desired amount of a 
particular product, the user is only required to connect the system to a source of the required chemicals, and the control 
unit will control the system according to stored processing parameters, such as flow rates, temperature, and pressure, to 

produce the selected product. 

A pump module in such a system should provide sufficient pumping capacity so that flow rates of reactants into the 
reaction module can be increased to the maximum capacity of the reaction module without requiring replacement of the 
pump module with a higher rated output pump module. However, should additional reaction modules be necessary within 
a system to further increase the quantity of product produced, the pump module should be configured to be readily 
replaced with a pump module capable of pi-oviding the required flow rare. 

It would further be desirable for all the processing modules to have housings of a consistent size and shape. Any inlet and 
outlet ports incorporated into the housings of the processing modules should be located in the same positions on all the 
processing modules, and all connections between processing modules should be of a quici<. oonnect type to enable the 
rapid replacement or addition of processing modules when changing the configuration of the system. Such connections 
should preferably be self closing to prevent spills when processing modules are replaced. The user should have an option 
to select processing modules adapted for either parallel fluidic heat tran.sfer or serial fluidic heat transfer, when 
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ternperaEure control of a cherriic;-! process is required. 

Because many possibie reactions that can be beneficially acnievea using sucn a modular chemical production system 
involve pressure dependent reactions, if would aiso i;ie ciesirabis for sucii a system fo include a throttie, such as a 
proportional vaive, at the end of the reaction path. Closing the throttle wiii make the pumps in the pump module apply a 
higher pressure to the liquids, to inaintaln a constant flow rate. 

Sumniary of the invention If! accord with the present Invention, a modular system is defined for producing a desired 
cnemica! product from a pluraiiry of reactants. The reactor system inciudes a control module and a reaction module. 
Different chemical products can be produced by replacing the reaction module or reconfiguring the modular system, as 

appropriate. 

The controi module is adapted to monitor and control a production of the desired chemical product by controiiing the flow 
of each reactant from a reactant supply source. The controi module includes a memory, a processor, and a u,ser intei-face. 
Stored in the mefiiory are miachine instructions that are executed by the processor to enable the control irioclule to carry 
out its control functions. The controi module also controls a reaction module that is in fluid communication with each 
reactant supply source and which includes a microreactor in which the desired chemicai product is produced by a reaction 
bei-wcon 1' ■■' cicla^ts fhc mr ^ j t^ ^ . " i ■■i ''l^'"'' uv; a rcf.dion volume. The plurality of reactants are 
preferably fluids, and may be In s gaseous state. 

In one embodiment, the rtiodular system includes a pump module, which is also controHed by tine control module. The 
pump module is In fluid communication with each reactant supply source, and with the reaction module and enables and 
controls the fiovv of fluids within the modular system under the direction of the controi module. 

Optionally, an additional processing module can be Included in fluid communication with the reaction module. In one 
embodiment, the additional processing module comprises a residence time module that Includes a capillary passage of a 
selected length, the length controlling a residence time of the desired chemical product In the residence time module. 
Preferably, the residence time module also includes a proportionai vaive that Is controllably connected to the controi 
module to eriabie ttie control module to selectively vary a pressure within the modular systen-i. 

The modular system can aiso include additional reaction modules, each Including a microreactor, and each microreactor is 
designed to achieve a single step in a multi-step reaction. A chemical product that can be made by carsying out too 
different processing steps can be produced using a modular system in accord with the present Invention that incorporates 
two reaction modules, each reaction module including a microreactor adapted to facilitate a single step in the two step 
process. 

Each reaction module will be controllably connected to the control module. Fluid from each reactant supply source will be 
directed through the pump rrxiduie (ur-less no pump modules is used, as can be the case wfien the reactants are gases) 
and Into a first reaction module, in which the first step in the reaction is achieved. The second reaction inodule is in fluid 
communication with the outlet of [he first reaction module, and the partially reacted fluids wiii flow from the fir,st reaction 
module to the second reaction module, where the second step In the reaction will be achieved. If required, residence time 
modules cafi be placed betvveen tfie first and second rej-ctiori njoduies. 

In a similar fashion, reactions requinng more than two steps can be achieved using a corresponding number of reaction 
modules. The microreactors are configured to faciiita.te the completion of a specific class of chemicai reactions, and essch 
microreactor can be removed from its reaction nnodule and replaced vVith a different microreactor configured to facilitate 
the completion of a different chemical reaction, thus enabling ttie system to selectively complete a variety of different 
chemical reactions, thereby producing a wide variety of different chemicai products. 

Furthermore, tfie each microreactor is configured to enable at ieast one process relating to the production of a desired 
chemical product. Frequently microreactors will enable a plurality of reagents to be mixed together to forni a desired 
product. It is preferred that each microreactor be able to achieve a precise temperature control of the plurality of reagents 
and the product within the microreactor. Each microreactor will be designed to facilitate a particular type of chemical 
reaction, such as a liquld-'llquid reaction, a gas/liquid reaction, or a gas/gas reaction, it is envisioned that microreactors 
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enabling addifiorial procsj^ses relating to the ci-iemical reaction vvlil be useful. Suci-i micro-eactors can be achieved by 
incorporating various types of features relating to the reaction process. In addition to enabling control of the temperature 
vvithir; the nilcroreactor, such features are likely to include enabling processe-s such as diffu-slori based mixing, catalytic 
based processing, and/or providing and manipulating one or more of trie following: a source of eiectromag;-:et:c radiation, a 
source of sonic radiation, a source of aipha radiation, a soLjrce of beta radiation, a source of gamma radiation, a source of 
X-ray's, a source of radioactive particles, a source of c; .arged particles, a source of light, an electric field, and a magnetic 
field. Thus, a system includin !:! lej i. >\" i i ii > i !il 1 ^ -he p' eduction of a wide variety of 

different chemical products. By providing a plurality of different n'ici'oreactors. each of which is adapted to process a 
different class of reactions (such as liquid/liquid reactions), the resulting systeni will enable at least one process, and 
optionally, will enable additional processes, such as temperature control. The flexibility of such a system enables a user to 
selectively produce a desired product, by selecting a microreactor incorporating features appropriate for the function. 
VVfiile a widtj variety of n-iicroreacEors, each incorporatifig specialized features, can be fabricated, it is expected that a 
iiquid/iiquid type microreactor, incorporating only temperature control and mixing features, can be beneficially employed to 
produce a substaritia! variety of desirable chemical products. 

Preferably the reaction module inciudes a housing with a first side that has a piurality of ports. One port enables the 
reaction module to be oontrollably connected to the control module and other ports enable It to be in fluid communication 
with each reactant supply. A second side of the housing includes a plurality of ports that enable the reaction module to be 
connected In fluid communication vv-lth the additional processing module or with a product resen/oir, .Also included in the 
housing is a mounting frame for the microreactor. The reaction module inciudes means for promoting the production of the 
desired chemical product, such as a temperature sensor, a mixing volume in which a stacked laminar flow of said plurality 
of reactants is enabled, and a reaction volume. 



The modular systemr Inciudes a piurality of fluid paths, including a fluid path for each of the plurality of reactants, a fluid 
path for the desired product, at least orse fluid path for heat transfer media, and at least one fluid path for sperit heat 
transfer media. The heat transfer media fluid paths can be configured In one of a paraiiei fluidic system and a serial fluldic 
system. 

The pump module includes at least one pump that is cGniroiiabiy connected to the control module. The pump is in fluid 
communication with both a heat transfer media fii;:d fi;ppiy and the reaction module. Or, the pump is ■■n fluid 
communication with at least one of the plurality of i i ^ .i ti-.e reaction module, hi one embodiment, the pump 
module includes an individual pump for each of the piurality of reactants, each individual pump being In fluid 
communication with a supply of a different one of the plurality of reactants, and with the reaction module. The pump 
module further preferably includes valves controllably connected to the control module, for controlling the flow of the 
plurality of reactants to the reaction module. 

In one embodiment, the pump module also includes a filter for each reactant. to remove undesired material from the 
plurality of reactants before the reactants flow to the reaction module. 

Preferably, the pump module includes a housing having a first side that includes a plurality of ports adapted to enable the 
pump module to be controllably connected to the control module and to be in fluid communication with each reactant 
supply, and a second side that includes a plurality of ports adapted to enable the pump module to be in fluid 
communication with the reaction module. In addition, all connections between modules are preferably achieved using 
quick connect type connectors that enable rapid connection and disconnection of the modules. 

Another aspect of the present invention is directed to a modular system adapted for producing a desired chemical product 
using only a single reactant, rather than a piurality of reactants. in such a modular system the reactor module will facilitate 
a single component reaction, for example, photochemically or pyrolyticaily. 

Tne modular system includes element'- t'- at ate- ^ > -n' vv th the elemen's o' the modular system described 

above. Yet another aspect of the present invention is directed to a method for producing a desired chemical product with a 
modular system. T he method Includes steps that are generally consistent with the functions of the modular system 
described above. 



)://www.wipo.int/pctdb/en/fetch.isp?SEARCH_IA=US2001015738&DBSELECT=PCT... 5/27/2008 



(WO/2001/089681) MODULAR CHEMICAL PRODUCTION SYSTEM INCORPORA... Page 5 of 14 



Brie; Description of ti-ie Drawing Figures The foregoing aspects arid nia;-;y o; the artendant advaniages of -his ifivention will 
become more rsadily appreciated as the same becomes better understood by reference to the fcliowmg detailed 
description, wi-ieri Eaiori ifi cor-junction with the accotnpanying drawings, wherein: FIGURE 1 is a view of a simplified 
process flow diagram for a modular microreactor system that includes a control module, a pump module, and a reaction 
module, in accord with thf p e^ent ini/en'io" f lOJ ^1 f ; -i "-c ' t i .'j'-^.f jai tjgtain fo' i [n loi armi.Ei e^cfi.' 
system that includes a control module and a reaction modui-?: FIGURE 3 is a simplified block diagram illustrating the 
functional elements of cj c >n'r li m >dii ■=■ ^ ' > c sf h i i jw!tiq a CHt^-on!;: c irTipiret U'-eJ 

as a control module; FIGURE 5 is a process flow diagram Illustrating functional elements of a pump module for use in an 
embodiment of the present invention; FIGUf-vE 6 Is a process flow diagram Illustrating functional eiements of a reaction 
module used in an embodiment of the present invention; FIGURE 7 is a process flow diagram illustrating functional 
elements of an additional process module ernpioyed in s preferred emijodiment of the pi'esent invention for increasing a 
residence tima; FIGURE 8 is a side elevationai view of a housing for (jse with pun-ip rrioduies, reaction n-iodulss, and ottier 
process modules in an embodiment of the present invention; FIGURE 9 is a side elevationai view of an interior of the 
foactlofi rriodule of FIGURE 6; FIGURE 10 Is ars ison-ietric view of the reactor bracket in the reactiofi module of FIGURE 9, 
snowing the microreactor secured within the bracS<et; FIGURE 1 1 is an isometric view of the reactor bracket of FIGURE 
10, showing ti-ie nilcroreacEor positioned to be removed from the bracket; FIGURE 12 Is a side elevationai view of an 
interior of the residence time process module of FIGURE 7; FIGURE 13 is a simplified process flow diagram of a serial 
fieat irarisfer rrvedia fluidic systern for use in tfie preferred erribodirnenf of the present Inventlofi; FIGURE 14 is a simplliied 
process flow diagram of a parallel heat transfer media fluidic system for use in the preferred embodiment of the present 
invention; and FIGURE 15 is a sirrsplified process flow diagram for a preferred embodiment of a modular microreactor 
system that utilizes a serial heat transfer media fiuidic system in accord with the present invention. 

Description of the Pr'eferred Embodiment in accord with the present invention, a modular system Is defined for producing a 
chemical product from a plurality of reactants and includes a plurality of replaceable modular units. A control module 
enables automated control of parameters such as concentration, flow rates, temperature, pressure, pl-i values, and 
residence time. Tfje system is configured for continuous operation and in its simplest form, can be used In cherriical 
research facilities for the continuous production of small volumes of specialty chemicals required for research applications. 
Individual n-sodules can be replaced to modify the performance of the systern, and reaction niodules can be replaced witf! 
reaction modules having a different configuration to enable the completion of different classes or types of reactions. 
Furthermore, a single reaction module Is preferably capable of facilitating a plurality of processes relating to the production 
of a desired product from a plurality of reagents, and the system enables a user to select from those plurality of processes 
which processes are appropriate to produce a desired product from a given set of reagents. Also, the reactor portion of the 
reaction miodule can be removed and replaced with a reaction module optimized for a particular class of reactions (such 
as liquid/liquid reactions). 

Reactors optimized for a particular class of reactions can be further optimized to enable different processes related to 
completing a reaction to be faciirtated. such as diffusion based mixing, and temperature control. 

It should be rioted that such a sysiem can be adapred to facilitate reactior;s requlririg only a single reactarit, ratfier than a 
plurality of reactants. Many such reactions are possibie, and frequently involve reacting a single component 
photoctiernically or pyrolytically. For example, to facilitate a sir-gie component reaction of tfie pfioiochernica! type, the 
reactor portion of the reaction module will be optimized for photochemicai reactions. It should therefore be understood that 
while the preferred embodiment described below references a modular system optimised for producing a desired product 
from a plurality of reactants, the scope of the invention is intended to encompass modular systems optimized to facilitate 
the production of a desired product by reacting only a single reactant. 

FIGURE 1 illustrates a simplified process diagram for a modular chemical process system 1 0. System 1 0 includes a 
control module 12, a pump module 14, a reaction module 18, and may optionally include one or more additional process 
modules 20. System 10 includes a fluid supply source 16, which supplies the system with all of the reactants required, as 
well as any heat iransfer'media that wHi be used in the system. It should be understood that the number of reactant fluids 
required varies with the type of reaction being implemented. Many chemical reactions can be achieved using two 
reactants, while some reactions require additional reactants. 

Generally, the reactants will be liquids, though gases may also be used. Solid reactants will generally be dissolved or 
suspended in a fluid for ease of processing in the system, it is preferred that any heat transfer media be fluidic in nature 

also. 
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While solid phase heat transfer rrisdia are known in ths art (such as silica), assuring a conEinuai flow of such solid heat 
transfer media through small passages in heat exchangers can be difficult, and in general fluidic heat transfer media are 
preferred iri the present invention. Fluid supply source 16 can also ir-clude a solven- fluid used lo flush the fluid passages 
of system 10 to remove any potential contaminants before the reactants are introduced into the system. Ths particular 
design of fluid supply source 16 is not crirical it is contempiated that .^standard enemies! product containers and.'or 
laboratory glassware can bri h-=hr i I ^ ^ \ ^ i c c.^^p'^ cojrce 16. It is further contemplated that fluid 

supply source 1 5 will inclu > ' < k <3f ite co ^tainer for each different 

reactant used, a container for solvent, and a container for heat transfer media. 

Control modijle 12 Is connected to ccntro! pump mcdijle 14, reacticn module 18, any additlonai process modules 20, and 
fluid supply source 16. Reactants and heat irarssfer rrsedia flow from fluid supply source 16 to the pump module. 

Control module 12 controls the flow of fluids from fluid supply source 16, as well as controiiing the pumping rate of pump 
module 14. Heat transfer media and reactants flow from pump module 14 to reaction module 18, where the desired 
chemical reaction takes place, and the desired product is produced. The product exits reaction module 18 and flows either 
to one or more additional process rnodules 20, or to a product collection vessel 2.2. 

Addltiorial process rnodules 20 can carry out a variety of functions. In one embodiment, the additional process module 
comprises a residence time chamber to provide additional time for the reagents to complete their reaction before the 
product they produce is collected at product recovery vessel 22. Depending on the nature of the desired product, and the 
chemical process used to produce that prodiici, additional process module 20 can comprise an additional reaction module 
18, for example, as would be required for a two-step reaction process in which the product of the first reaction module is 
combined with a reagent to produce the final desired product, 

FIGLIR!-;; 2. Illustrates a modular chemical production system 24 that does not include s separate pump module. Sijch a 
systen': is possible when the reactants are gases, and tne ^icw rates of the reactants are controllable using valves, .System 
24 inciiJcJes a r-aactanf gas supply i6a and a heat ira.'isfer rnePia supply 16b. Again, most comrnonly, ^A'o different 
reactants will be used, "though some reactions will require more. Those of ordinary skill in the art wiii readily understand 
how the selection of a desired product and the reaction used to obtain that product necessitates a specific set of two or 
more reactants be employed in the system. 

Reactant gas supply 1 6a and heat transfer media supply 1 6b are connected in fluid communication with reaction module 
1 8. Both reaciant gas supply 1 6a arid heat transfer media supply "i 6b are controiied by cofitrol module 1 2. to which ihey 
are connected, and the controi module adjusts the flow rates of the reactant gases by controlling valves (not separately 
shown) associated with the reactant gas supply. As noted above, for modest flow rates, use of a pressurized source for 
reactant gas supply 1 5a avoids the need for a separate pump module. Standard gas bottles or commercial grade gas 
cylinders are expected to be useful In serving as reactant gas supply 15a. 

It Is envisioned that heat transfer media supply 16b will incorporate its own pump, which is controlled by control module 
1 2, so that the flow rates of the heat transfer media can be controlled. In this case, the pump required to controi the flow of 
the heat transfer media is simpler than that used In pump module 14. In FIGURE 1, pump module 14 is employed to pump 
a plurality of reactants, as weii as heat transfer media; thus, a more complicated pumping system is required in pump 
module 14 for systern 10 in FIGURE 1, As shown In FIGURE 3, control module 12 includes a processor 25, an optional 
reaction database 26, and a user interface 28. Preferably, reaction database 26 Includes detailed information relating to a 
plurality of different oherriical products that can be produced by the modular cheniical reactiofi systern of the present 
invention. The detailed Information preferably includes various chemical products that can be produced, the required 
slartirig niateriais, the relative volumes of starting materials required to produce a desired volunie of eacti product, 
specified process condition parameters, such as temperature and flow rates for the reactants and any heat transfer media 
used, and an identification of the types of pump modules, reaction modules, and any additional process modules required 
to produce each product. The detailed information also preferably includes machine language instructions for execution by 
processor 2.5 that enable automatic control the system according to the stored parameters specific to each included 
reaction. Preferably, user interface 28 wiii comprise a graphic display designed such that a user can navigate fi'om a menu 
that includes a plurall^/ of options. From the display, the user can select a desired chemical product and be provided with 
details regarding specific types of pump modules, reaction modules (or microreactors used therein), and any additional 
process modules required. Once provided with this Information, the user can ensure that the modular chemical production 
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system is properly cofifigured to produce the desired product. The user would erasure ihat all fluid supplies and fluid 
connections within the system are provided and then would activate a start command on using user Interface 28, causing 
processor 25 to coritrol the f eactlon based or: the process control parameters stored within reaction database 26 for the 
reaction selected by the user. If optional reaction database 26 is not used, the user would manually enter the reaction 

pararneters using user interface 2S. 



FIGU RE 4 Illustrates an alternative preferred embodiment of a control module 1 2a, in which aontrol module 1 2a corriprises 

a personal computer (PC) 30. 

PC 30 includes processor 25, optional reactiori database 26 (if so desired), which when present, is preferably stored on a 
hard drive 31 , and the user interface (a display 26 of computer 30). When PC 30 is employed as the control moduie, the 
PC is coupled to an appropriate connector on at least one of the modules of the system through a cable connected to a 
data port on the PC, such as its serial port, parallel port, or universal serial bus port (none of which are shown in the 
Figures), 

FIGURE 5 is a process flow diagram illustrating the components associated with pump rriodule 14. This flow diagram for 
an exemplary embodiment of pump module 14 has been configured to support the processing of a two component 
reaction. As noted above, those of ordinary skill In the art will readily understarid that pump triodule 14 can readily be 
modified to support specific chemical processes that require more than two reactants or more heat transfer fluids. A 
generally converitionai power supply 32 provides electrical power to control module 12. Both electrical power and data are 
conveyed through conductors 49 that electrically and cperatlvely couple control module 12 to pump module 14. Pump 
module 14 can alternatively cars be coupled to a separate power supply 32'that provides its required electrical power. For 
systems In which the electrical demands of pump module 14 are modest, It is more convenient for pump module 14 to be 
energized with electrical current supplied from power supply 32 via the control module and conductors 49. 

When the electrical demand of pump module 14 Is relatively high. It is more convenient to couple pump module 14 to 
separate power source 32'. 

Control module 1 2 is operatively connected to a Reactant 1 supply 1 6c, a solvent supply 1 6d, a Reactarst 2 supply 1 5e, 
and heat transfer media supply 1 6b. 

Reactant 1 and Reactant 2 will be mixea in reaction module 18 to achieve the desired chemical product. Solvent sup»ly 
^6<3 IS used to flush out all the fluia lines and passages in pump module 14 and subsequent modules to ensure that any 
reagent resiaue left over from »revious reactions is flushed from the system and will not interfere m the current operation 
of the system in the present reaction. Furthermore, solvent suppiv 1 6a can se provided at a desired temperature, in order 
to pre-warm or pre-chill the fluia pathways within tne modular chemical reaction system, 

Wnen tne systernjs imtiahzed and a particular ohernicai product is selected from the optional reaction aatabase within 

user interface in control module 12 to activate the sv^tsm. Control module 12 is ooeratively connected through a ^ 
daE-i power -iu^4<^ o alkonl-ollai- •^lcm-'ni< wit- rj f -^m" f^'^'^ul'; Fo- r>aripo, cmlrjl rodulc 12 ^eno- ic< -it< 
Signal to a valve 34a. which is in fluid communication with Reactant 1 suopiy 1 6c and solvent suopiy 1 6d. Initially, the 

th^'xjgh pi. w<r 0 i lu- 48 to a V slv-s 34!rwh c ms - 1j . c i- - ,n^a\'0)i \\ 'h s jiv-int sup/y Ted a- J M^rcsctinfr ; uojiy 

oassed. control module 12 sends a sianai to both valves 3^3 and 34b to shut oft the flow of solvent, ana to change state 

d4a. Reactani ■ tlovvs thi'ough a fluid iine o6a into a pump 38. which is aiso operativeiv connected to control module 12 via 
Dcwer/data i:)us 48. aimui-aneously, tne des-red amount of Reactant 2 flows througr- a fluia line 36£> -o a duitso 4u 

Coritrol module 12 controls the purripirig rates of purrips 38 arid 40 to acfiieve ttie desired flow rates of botti Reaotarits 1 
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and 2. Pressure sensors 44 are included dowfi stream of pumps 38 and -o provide confirniation to control nioduie 12 
that tne rsactants are flowing. Filters 46 are in fluid communication with fluid lines 36a and 36b and are employed to filter 
any particulate matter thai may tiave contamifiated Reactarit 1 supply 15c or Reactant2 supply 16e, In a preferred 
embodiment in wiiich the reaction module incorporates a microreactor, these filters are particularly iinpcrtant. The fluid 
channels within the microreactor are characteristicaliy very sn^iail in size. Thus, even relatively smail particulates can ctog 
these channels and significantiy impair the efriclency of the rniororeacior. Preferably conti'o! module 12 is pi'ogrammed to 
alert a user to check the filters when pressure seiisor;; 44 iriciicate c:h;;;igt:- \n p; essure in the system, as such a pressure 
change may be indicative of a clogged filter. It should be noted that pressure sensors -44 and filters 46 can be disposed 
before pumps 38 and ACi, although the preferred einbodimeni is as lilustraied, with pressure sensors 44 disposed behind 
the pumps, and filters 46 disposed behind pressure sensors 44. 

Control module 12 is further controllably connected to heat transfer media supply 16b. Based on the control parameters 
stored within reaction database 26, corstrol module 1 2 will cause heat trarssfer media supply 1 6b to release the desired 
volume or control the flow rare of heat transfer media fluid through a fluid line 36c. 

Fiuid line 36c is connected in fluid communication with a heat transfer media pump 42. Pump 42 is controllably connected 
to control module 12 to enable the flow rate of the heat transfer media fiuid through the system to be controlled. 

Reactant 1 , Reactant 2, and the hear transfer media ail exit pump module 14 and flow through fluid lines 36a, 36b, and 
36c, respectively, to reaction module 18. 

Spent heat transfer media flowing from reaction module 18 returns to pump module 14 via a fiuid line 36d. Fluid line 36d is 
in fluid connection with a heat transfer media retijrn ve.ssel 16f, and it should be noted that pump module 14 performs no 
operations on fluid line 36d. Fluid line 36d merely passes through the pump module to reach heat transfer media return 
vessel 1 6f. T hus, fiuid line 36d could alternatively be routed to flow directly from reaction module 1 8 to ineat transfer media 
return vessel J 6? without flowing through pump module 14. However, the modular reaction system has been designed so 
that all fluids used :r; the process flow from one module to tine next, to minimize the number of fiuid lines and control lines 
that are externa; to the moauies. 

FIGUREopio ide- J till- tlip f ! !<= n o {m totre^i^ nn^ ! \> 

Reactlori module 18 is in botti electrical and flu;d cornrriunication with pui^ip moduie 14 and also includes powet/cJata bus 
48. Conductors 49 connect the power/data bus in pump module 14 to power/data bus 48 in reaction module 18, enabling 
the bi-directional flow of data to and from control module 12 through the pump module. In addition, cotiduciots 49 also 
connect the power/data bus 48 of reaction module 18 to any optional additional process module 20 that is used in the 
system. The fluid connections betoeen pump moduie 14 and reaction module 18 include f-leactant 1 fluid line 36a, 
Reactant 2 fiuid line 36b, heat transfer fluid line 36c, and spent heat transfer fluid line 36d. Reactant 1 flows into reaction 
moduie 18 through fiuid iine -353, and then into a microreactor 52, 

Reactant 2 flows Into reaction module 1 8 through fluid line 36b, and then similarly flows Into microreactor 52. It should be 
noted that FIGURE 6 does nor attempt to illustrate the fluid paths of Reacrants 1 and 2 within microreactor 52. The two 
reactants flow into the microreactor, and a single product exits the microreactor via a product fluid line 36e. Product line 
36e is shown by the dash line to be In fluid communicarlon with any optional process moduie. If no optional process 
moduie Is required for the process carried out by the system, fiuid iine 36e flows directly to product recovery vessel 22, as 
Indicated by the solid line in the Figure. 

Heat transfer media fluid enters the rrilcroreactor via heat transfer fluid line 36c and then exits the microreactor, and the 
reaction module, through fluid iine36c, which is coupled in fiuid CGmmunicaiion with any optional addliicnai process 
moduie. If no additional process modules are included, fluid line 36c is connected directly to .spent heat transfer fluid line 
36d, which returns the spent heat transfer fluid to spent heat transfer fluid vessel 1 6f. 

Various different configurations of microreactors can be beneficially employed in the present invention. Each microreactor 
may be designed for only a specific chemical reaction, but will mote likely be designed to support the production of a 
specific class or r/pe of chemical products, since one design configuration is normally useable to produce various 
chemical products in which the reaction proce.sses are similar in nature, A particularly useful microreactor is de.scribed in a 
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cornmonly assigned co -pending U. S. Patent Application, U. S. Serial No. 09/496.999, entitied"MiNIATUR!ZED 
REACTION APPARATUS, ''which was fiied February 3,2000, the specifjcation and drawings of wnich are hereby 
spscificaiiy incorporated herein by reference. It should also be noted that while in or-e preferred embodiment, the reactor 
within reaction module 1 8 is a microreactor, a non-n-sicro-scaie reactor could alternatively t)e used in conjunction with the 
present invention. Microresctors sre generally characterized as incorporating fluidic structures of less than 1 mm in size, 
especially with respect to reactant fluid pathways. 



Thus it should be understood that the present invention is not limited only to modular systems in which reaction modules 
!r,ust include a microreactor, as the reaction module car: incorporate a reactor whose fluidic structures are larger in si^e 
than the microscale fluidic structures generally associated with microreactors. A reactor with larger scale fiuldic structures 
can be lised, as long as the overall size and shape of the reactor is adaptable to fit within the reactlor: module. 



In addition to microreactors designed for only a specific chemical reaction, or a specific class or type of chemical 
reactions, it is envisioned that beneficial microreactors will incorporate the ab^l^^/ to facilitate a plurality of different 
processes related to the production of a desired product from a plurality of reagents. Generally microreactors will facilitate 
the mixing of a plurality of reagents. It should be noted however, that not aii reactions require ;he mixing of teagents, such 
as reactions involving passing one or more reagents over a catalyst impregnated surface, or photochemical reactions thai 
are Initiated by the application of light of the appropriate wavelength. Preferable microreactors wiii enable the precise 
temperature control of the reagents and the product, so that yield and product quality can be enhanced. 



Other process control parameters that can be beneficially incorporated into microreactors for use in the present invention 
Include n-sagnetio, piezoresistive, piezoelectric, shape merriory, radioactive, catalytic, optical, electrorriagnetic, and 
electrostatic control parameters. Any such control parameter is preferably capable of being controlled by control module 
12. Thu.s In system in wtiicfi ttie microreactor within reaction module 1S is capable of performing a plurality of processes, 
the selection of a specific desired chemical product by a user navigating through optional reaction database 26 wiii 
determine which of the plurality of processes supported by the microreactor will be utilized by control module 12 to 
produce the desired product. 



in systems not including optional reaction database 26, the user will manually enter Known control parameters for the 
reaction (via user interface 28), enabling control module 12 to selectively control the required processes to achieve the 
desired product. 

Reaction module 1 8 oreferabiy incluaes a pluralitv of temoerature sensors 54. 



^roaiicr exiting reaction module la via product fluid line 3fce enters resiaence time module 2ija and is directed into 

II y gRCpllpoSwr' d In Cw codb^ 

;ne!l Db. therebv forming a hear exchanaer. Heat transfer media rrom reaction module ia and tluia line afcc flows wi 
I «. io n i Li t n n 11 h tf n p p g "^6 f f f 
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preferred embodirrient. capillary passage 56 is of suffident Isng-h lo achieve a 45-rfiir:Ute residencs; time at a flow rate of 
one milliliter per minute. Generally, a residence time of 43 minutes is sufficient for the majority of most chemical reactions 
to reach corripletiori. 1: it is known that a particular chemical reaction can benefit from an incrsased residence tirrie, an 
additional residence time module can be added downstream of residence time module 20a, or a longer capiiiaiy passage 
can be used in place of capillary passage 56. 



The product exits capillary passage 55 via fluid line 35e and flows to a propor-ional valve 62. Several possible reactions 
can be performed in the system tiiat are pressure dependent. These reactions include, for example, tnose involving 
decreasing volumes, increasing boiling points, and increasing gas concentrations in a liquid phase. Thus, specific positive 
effects can be achieved by causing a reaction to occur at a predefined pressure. To increase the pressure in the reaction 
patti requires a throttle at the distal end of the reaction path. Closing the throttle makes the pumps in the pun-ip module 
generate a higher pressure in the reaction module in order to maintain a constant flow rate, in this embodiment, the 
throttle corriprises a proportional valve 62. Proportional valve 62 is electrically connected to, and thus operatively 
controlled by, control module 12. 

FIGURt/: 8 illustrates a preferred embodiment of the hoijsing 'cr purnp moduie 14, reaction module 18. and any additional 
process modules 20 (or 2Qa). As discussed previousiy in regard to FIGURES 5,6, and 7, each of pump module ;4, 
reaction module 18, and addifidnal process modules 20 include fluid inlets on one side of the module and fluid outlets on 
an opposing side of the module. Preferably, these Inlets and outlets are consistently located at the same point along the 
sides of each module regardless or the function of the module. Thus, a user knows exactly where fluid connections are 
required, and modules can be interchanged with other •nodules because the fluid corinections are always corisistently 
located at the same point. While FIGURE 8 illustrates only one side of a module, it should be understood that the 
opposing side of the module incorporates the same fluid potts as illustrated In FIGURE 8, with male connections provided 
on one side and corresponding female connections on the other. These ports include a combination data.''power port 64, 
two heat transfer tnedia ports 66 and two teaciatit'prodLict ports 58. Power-'data ports 64 are used to corinect conductors 
49 to the internal power/data bus 48 of each individual module, thus enabling control module 12 to be operatively 
conrjected to all of the modules. One of rhe tieat transfer media ports 66 is used to bring tieat transfer media irsto the 
module, while the second heat transfer media port 66 is used to enable spent heat transfer media to exit the module, to be 
collected ir; spent heal transfer media vessel 1 6f. Pre!erat;iy the iluidic contiections are of the self-sealing, quick connect 
type. 

It should be noted that with respect to the outlet side of reaction module 18, and both the inlet and outlet sides of any 
additional process modules 20 (or 20a), that two reaciant-'product fluid ports 68 are not required, as only product passes 
through those sides of the modules. However, both reactant/product fluid ports 58 are inciuded to maintain consistency 
relative to the configuration of these ports in ail modules. With respect to pump module 14, both reactant fluid ports 68 are 
required so that Reactant 1 and Reactant 2 can be pumped from the pump module to the reaction module. On the inlet 
iriput sicie of re;iction triodule 1 8, two reactanL'product fluid pons 58 are required so tfiat Reactant 1 and Reactant 2 can 
be directed to microreactor 52. Because Reactant 1 and Reacranf 2 are niixed within microreactor 52, only a single one of 
the two reactarit'product fluid ports 68 on the outlet side of reaction module 1 8 is used. In any additiorial processirig 
modules 20, only the product, and not Reactants 1 and 2, flow through these modules, thus only one of the two 
reactant'product fluid ports 68 is used, it is ervvisioried that quick conriecting bayonet type female/rnale connectors will be 
used to make the fluid connections between the fluid ports of adjacent modules. A bayonet connection 72 that 
encompasses the fluid ports and the power/data ports is also provided to maintain the individual fluid and power/data ports 
coupled and to provide a further fluid tight enclosure. Bayonet connection 72 is locked to the corresponding bayonet 
connection of an adjacent module by actuating a bayonet actuating iever 74. Tiie bayonet actuating lever i.s incitjded on 
each side of the housing to iock the bayonet connections together when the respective ports on adjacent sides of the 
modules are coupled together. 

It should be noted that certain reactions may require further heat transfer media fluid ports or further reactant fluid ports to 
be provided on the modules. Those of ordinary ski!! in the art will readily understand that the required number of ports can 
be provided in the same locations on the tiousing of the modules so that all of the fluid connections are grouped in a single 
area and are consistently located and readily Identified. 

FIGURE 9 is a side elevational view that provides interioi details of a preferred embodiment for reaction module 1 8. From 
this view, it can be seen housing 50 includes r>A'o bayonet connections 72 on opposite sides, each of which includes a 
power/'data port 64, two heat transfer fluid ports 66, and two reactant/product potts 68. Within the inferior of reaction 
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module 18, JTilcrofsactor 52 is disposed in a rnounting bracket 76. Mounting bracket 76 is secu-sd by a plurality of 
mounting bolts 80. A corresponding plurality of springs 82 are inserted over the plurality of mounting bolts and provide a 
biasing fores that is used to secure microreactor 52 and mounting bracket 76 In a desired position. Guide pins 78 are 
preferably included to help properly position the reactor within reaction module 18. 

Reaction module 18 is designed sucin that microreactor 52 can readily tae removed from the reaction moduie and replaced 
with a differefit microreactor desigried to carryout a different chemical reaction or with the same design of microreactor, jf 
the previous rtiicroreactor was found to be defective. As noted above, a reactor of the proper size and slnape that does not 
ificlude microscaie fluidic channels can also be beneficially erripbyed. 

As indicated in FIGURE 9, power.'data bus 48 does not pass through microreactor 62, but is instead I'cuted around 
n-iicroreactor 52. While not shown in this view, it should be understood that power/data bus 48 is electrioaiiy connected to 
temperature sensors 54, as can clearly be seen in FIGURE 6. Temperature sensors 54 record temperatures both within 
iTnlcroreactor 52, and within the interior volume of reaction module 18. The purpose of temperature sensors 54 is to 

provide control rriodule 12 with current information regarding the temperature conditions within the microreactor and 
reaction module. Those of ordinary skill in the aft vv::: rersdily uriderstand that different locations of the temperature sensors 
54 can be used as long as information is provided to control module 12 relating to the temperature conditions in the 
reaction module, .so that control moduie 12 can mairiialii the temperature parameters at the desired leveis. 

FIGURE 9 illustrates heat transfer fluid paths 35c and 36d being touted through rn^croreactor 52. As will be discijssed later 
in regard to FIGURES 13 and 14, the fluidic system for the heat transfer can be arranged in either a serial or a parallel 
fashion. Heat transfer media fluid line 36c rrsust pass through microreactor 52 to provide heat exchange within the reactor. 
However, it is possible in some embodiments that spent heat transfer media fluid line 36d Is not routed through 
microreactor 52, but is instead routed through housifig 50 to avoid any interfererice with microreactor 52. 

Reactant 1 fluid line 36a and Reactant2 fluid line 36b enter the reaction module and are directed to microreactor 52. The 
reactant fluids flowing through these two fluid pa,ths ate mixed vvithm the microreactor and a reaction taf<8s E>lac8, 
producing the desired chemical product. That product exits microreactor 52 through a product fluid line 36e. it should be 
understood that the fluid paths for heat transfer media, reactants and the product through microreactor52, are quite 
simplified as illustrated In FIGURE it should further be understood that the fluid paths of the heat transfer media within 
the microreactor are arranged so as to define at least one heat exchanger, and often, a plurality of heat exchangers, so 
that different portloris of the microreactor can be corjtrolled with regard to iemperature. A plurality of different n-sixirig and 
reaction volumes are readily provided within microreactor 52. As noted earlier, a preferi'ed microreactor is described in 
detail it! the comnioniy assigned, co- pendirig U. S. patent application. Yet, a wide variety of different microteactor designs 
are possibie, and, while it Is preferred that the reactor be of the microreactor type, it Is possible that reactors not 
incorporating microscaie fluidic channels could alternatively be used as well. 

FIGURES 1 0 and 1 1 provide details of one preferred embodiment of mounting bracket 76. The mounting bracket in these 
Figures inciudes a plate 84, a plate 85, and a plate 86. The microreactor is sandwiched between plates 84 and 85. 

The positions of plates 84 arid 86 are fixed, while plate 85 Is movable relative to the other two plates. In a closed position, 
plate 85 is adjacent to the outlet side of microreactor 52. Plate 82 includes temperature sensor 54, a port 96c and a port 
96d, botti for heat transfer media fluid, and a port 96e for rer-X'Vir-g product from the microreactor. Mounting bracket 76 
also inciudes a release iever 88, which is used to move and lock piate 85 against the miicroreactor to secure the 
microreactor between plates 84 and 85. In FIGLIRE 10, a release lever 88 is In the closed and locked position, and plate 
85 is firmily abutted against microreactor 52. 

In :-'IGLJRE 1 1 , release lever 88 is in its open or unlocked position, and plate 85 iias been moved away from the 
microreactor, enabling a reactor frame 90 to be rotated outwardly away from plates 84 and 85 through an angle of 90 
degrees, 

Microreactor 52 can now be readily inserted into or removed from reactor frame 90. 

In this Figure, a plurality of fluid ports can be seen in plate 85, Including fluid ports 96c and 96d, which are provided for the 
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heat iran^fer m-?dia, and a R-?aot8r:l 1 fiuid p'M) J- -» - 2 lird pctt 95b. 

FIGURE 12 shows further details of the interior of one p.eferrea embodiment of residence time module 20a. Again, this 
module includes bsyonet connections 72 at opposite sides, each including one power/data port 64. two heat transfer 
media ports 66, and two reactant-'produot ports 68. Within housing 50 of residence time module 2Qa are Inner cylindrical 
core 60. capillary passage 56 (which is wound around Inner cylindrical core 60). and outer shell 58. Product from reaction 
module 1 8 enters residence time module 28 via one of two fluid ports 5Sb. It is not critical which fluid port 6Sb is selected, 
so iong as the fluid port 68b that is selected is properly mated to that fiuid port 68b which is used to remove the product 
fron-i reaction n-iodule 18. 



Product from reaction module 18 is directed to capillary passage 56. The length of capillary passage 56 is preferably 
sftiected to provide a desired residence time. As noted above, the length of csplllary psassage 56 in the exertiplary 
preferred embodiment enables a residence time of approximately 45 minutes, which is generally sufficient time for a 
product to be thoroughly reacted before being transferred to collection vessel 22. Heat transfer nnedia enters residence 
time module 20a frorri one of heat transfer fluid ports 66 and flows through fluid line 36c Into the region bebween Inner 
cylindrica! core 60 and outer she!! 58. The physical arrangennent of the inner cylindrical core, the outer shell, and capillar^' 
passage 56 provides a heat exchanger, which maintains the product at the desired temperature. 

The heat transfer media exits the region between the inner cylindrical core and the outer she!! via fluid line 36c, which 
lead-s to one of the hsat transfer fluid ports 66 at the opposite end of rrxiduie 20a. From ihers, ths heat transfer fluid is 
directed either to an additional processing module, or to a flow reverser (generally a U-shaped tube) if the heat transfer 
fluid Is to be returned to upstream modules. Spent heat transfer (from the flow reverser or additional process moduies), 
enters residence time module 20a via heat transfer fluid port 66 (1. e., the one that Is not used by heat transfer media 
exiting the module) and moves through the module via fluid line 36d. 

Note that fiuid line 36d is no- involved in the moderation of temperature witnin residence time module, and merely enables 
spent heat transfer fluid Eo move upstrearn of the system to preceding modules, and eventually be deposited In spent hea.t 
transfer recovery vessel 16f. Arrow/s have been used in FIGURE 12 to indicate the relative flow directions of each fiuid. Bi- 
directional arrows have been used in the Figure with power/data bus 48, indicating that electrical signals are able to move 
both to and from control module 12 and residence time module 20a. 

As noted above, the flow of the heat transfer media fluid can be arranged in either a serial fluidic system or a parallel 
fiuldic .system, FIGUR£ 13 iiiustraEes a .serial fluidic systerr;. Terr-perature condliiotied heat tratisfer fluid (Indicated by as 
"AT Fluid") flows from heat transfer media supply 16b through fluid lines 36c to pump module 14, then to reaction module 
1 8, and finally to any additional process modules 20. it is understood that after passing through each successive module, 
the temperature of the heat transfer fiuid Is normally changed as a result of the transfer of heat either to or from the fluid as 
the fluid passes through the module, .After exiting additional process module 20, the temperature conditioned fluid enters a 
U-shaped flow reverser 92. Spent heat transfer media is then routed back through processing module 20, reaction module 
1 8 and pump module 14 via fluid fines 36d, and finally coSSected in spent heat transfer media recovery vessel 1 6f, Other 
shaped flow reversers can be used, and it is also envisioned thai spent heat transfer media recovery vessel 1 6f could be 
disposed at the end of the system, rather than at the beginning ot the system, thus eliminating the need for the flow 
reverser and fluid lines 36d in processing module 20, reaction module 18, and pump module 14. An advantage of locating 
spent heat transfer media recovery vessel 1 6f adjacent to heat transfer media suppiy 1 6b is that the spent fiuid can be 
thermally reconditioned and used to replenish the supply of heat transfer fluid, providing a closed loop system. 

FIGURE :4 illustrates a parallel fluidic system. In this paralle! system, once the temperature conditioned heat transfer fluid 
fias entered a I'ieat exchanger in a module, the spent heat transfer fluid frofri that heat excl'ianger is imn'iediaiely returned 
through flow reversers 92 and through a spent heat transfer media fluid line to the spent heat transfer fiuid recovery 
vessel, ratner than being passed to successive heat exchangers in succeeding modules. This system allows better control 
of temperature, especially in heat exchangers In modules farther away from the temperature conditioned heat transfer 
media fluid supply, it should be noted that flow reverser 92a, which is located In the last module ot the system, is 
considered optional. 

Flow reverser 92a could be replaced by a fluid line (not shown) in fiuid communication with spent heat transfer media 
recovery vesse! 15f, or with an additional spent heat transfer media recovery vessel (not separately shown) located 
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adjacerii to additioriai process -nodule 20. The use of Now rsverser 92a provides for befter fkiidic equilibrium, and is 
therefore preferred. With respect to flow reversers 92 located within the modules, these flow reversers can be incorporated 
into the modules, or irito comporisnts within the modLiIss (such as within the microreactor of the reaction module, or within 
the heat exchanger of the residence time module defined by inner cylindrical core 60 and outer shell 58). 

F-'iGURE-:: 15 Illustrates an embodiment of the invention the includes a serial heat transfer media fiuidic systeiYi, and further 
includes control module 12, pump module 14, reaction module 18, fand rssidence time moduls 20a. 

Ex8!T;p!ary Operational Steps PerforiTied with the fi-lcdular System Step 1 : Preliminary WorK Prior to producing any 
product, a user must first selec; the desired product with the user interface of tl-ie control rtiodule. Furtiiermore, IE is 
possible that more than one reaction is capable of producing the same product, so the user may also need to crioose a 
preferred reaction. Optional reaction database 26 within control module 12 can be useful in selecting the desired product 
and method. Once the proper reaction conditions have been determined, the appropriate reactants, solvent and heat 
transfer media that are required must be provided. 

Of course, the selection of the reactants is based upon the specific product that is desired, A solvent is selected based on 
its compatibility with the reagents tnat will be used. The solvent will be used to flush the system. The selection of the heat 
trafisfer me6'\a is determified based upofi the required ■ eaciio;-; iernperaiure. A heat transfer tnedia that is useful at one 
reaction temperature may not be useful a: a signiticanriy dif^erei-it reaction temfjerature. 

Specific pump modules, reaction modules and/or additional processing modules may be required, as a function of the 
desired product. Because the system of the present invention is designed to facilitate the interchangeabiiity of modules, 
the user must ensure that the appropriate modules are provided for a desired reaction. 

The pump module used will depend upon required flow rates of the reactants and heat transfer fluid, while reaction 
modules used will typically depend upon reactor throughput and/or the specific design of the reactor required to implement 
a particular reaction. Finally, many products may necessitate the use of a residence time chamber, while others wiii not. 
The desired amount of product required is also a parameter that will effect the configuration of the system, as system 
capacity car: be modified by increasing the flow rate provided by the pun-sp module, arid by using a reactor that can 
accommodate that flow rate. As noted above, if the reactants are pressurized gases, a separate pump module may not be 
required. 

Once the modules nave been properly selected to achieve the desireo reaction, fiuidic and electncai connections between 
the modules are made, bources or the reactants, the solvent, and tne heat transfer media need to »e connected to tne 
0ump module. Emptv vessels must oe supplied to receive the product and the spent heat transfer media, and olaced in 
fluid communication with the system. 

Stoo" "^oiecE Start Incolh \< om a Lc n oro|: rlya^ ombicda i hi fijid xjnnfctDn f cr made Hic i cr 
initiates the production process bv executinq a brarr command with rhe user inrerface of the control module. The control 
roduie user irE rf a I c i I i a^lcproriri ndlhiEcanf u tc k E f prodj li a m im One I rt d a i 
until trpp dc! p oioy mm d [..m^uct volum i d li drtr* t^ rc n r<ul v autcma ir liy c^jeia e t ° y=tem 

Stej J ihermi ^nt i inj^fthe. en )nt.eth^ - imtd I °! m °i ° i the u t c J jl<r will eji 
Dumpina heat transfer media into the heat excnanqers of the system, heat exchanaers will typica::y be induced in the 
reaction module, and can also be inciudea in any additional process modules, t'leferabiy. the system will incluae sufticienr 
temperature sensors so tnat the control module can determine wnen the aesired thermal conditions have been achieved, 
anci so that no reactants are input to the system until that time. 

^ rm-il qiiEfiitr m id r i ha e aoe rbta --J in th < mborcntv n If E mp r 1 i c cr o irocac 
no more than a 'd cecrees Kelvin difrerence separates ihe system temperature rrom tne desired temperature. Alternatively. 
If nr ir \ t ru im do nt i r r f «,d amoun* 3f lir c f fo nt r iu in j r UrE inot y ri ii Ih 
srart command was aciuarec to enable the heat transfer meaia to onno the svstem to rhe desired lemperatures. 

At the same time that tnermal conditioning is occurnng. the control moduie 'A'iH use -he solvent ro fiusn the reactant rluid 
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passages arid lines of the syste-n. Particuiatiy wheri a residencs lime n-iodule ifJclLided within the systen-j, the flow rate 
for the solvent flush may be increased significantly over the flow rate employed for the reactants, to reduce the time 
required for the flushing step. 

Step 4: Synthesis Once the system has reached thermal equiiibri-jm, the soivent flush is terminated by closing the 
appropriate valves and the reactants are puaiped to the reaction nx'i'duie at the proper flow rates. Reactors designed to 
perform differerit operations can be installed in the reactiofi rnodule. Reactor operations typically wiii include thermally 
preconditioning the reactants prior to mixing them, and precise temperature control of the mixing area and the product 
produced by the reactlori. In addition, reactor operations rrsay Include the use of a catalyst, or the application of various 
types of energy or radiation as described above. The product of the reaction then exits the reactor and moves to either an 
additional processing module or a coiiectior: vessel. Irs most reactions, any additional module employed wiii be a residence 
time module, although If the reaction requires multiple reaction steps, the additional processing module will then likely 
include another reaction module. 

if a residence time module has been included, the product enters the residence time module where the product resides for 
a period of time that has been deferrr-iined to be sufficient to complete the conversion of the reactants Into the product. 
One or more heat exchangers are typically used to maintain thermal equilibrium of the product in the residence time 

module. 



Step 5: Cleaning Cycle Once the desired voiurrie of product is produced (which rnay take a cofisidetable length of tin-se. as 
the system is designed to enable continuous synthesis of a producr), the system is once again flushed with solvent. This 
flush can be performed n-ianually or under the direction of the control n-iodule. if the system is continually perforrnitig the 
same reaction for an extended period of time, It may be beneficial to interrupt the production of product and perform a 
system flush as a rriaintenance procedure at regulariv scheduled intervals. 

present invention within the scope of the claims that follow. Accordingly, it is not intended that the scope of the invention in 
any v^ay be limited by the above description, but Instead be determined entirely by reference to the claims that tollow. 
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